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We present results of our magneto-optical studies of excitonic transitions in narrow GaAs quan-
tum wells, i.e., in the case when the heavy-hole —light-hole splitting is significantly larger than the
heavy-hole exciton binding energy. The main (s-type) heavy-hole transitions can be simply under-
stood in terms of two-dimensional hydrogeniclike magnetic levels. A giant repulsion occurring be-
tween the 3d heavy-hole and the 1s light-hole states demonstrates the importance of Coulomb in-
teraction in the mixing of magnetoexcitonic levels.
As a result of its complicated valence-band structure, '
GaAs quantum wells (QW's) show usually very rich
interband-absorption spectra when a magnetic field is ap-
plied along the confinement direction. These spectra
reflect in fact the magnetoexcitonic levels ' and it is
tempting to interpret the main features of these spectra in
terms of a simple model of a two-dimensional hydrogen
atom in a magnetic field. " In the experiments reported
so far QW's of rather large thicknesses have been stud-
ied. With increasing well thickness, the energy sepa-
ration between heavy- and light-hole states becomes
smaller and the number of confined subbands increases.
For wide QW's, in the accessible range of magnetic fields,
there are many magnetoexcitonic states of a mixed
(heavy, light-hole) character. The fan chart of magne-
toexcitonic resonances is very complicated and it is often
dif5cult to follow the transitions with magnetic field,
since the mixing occurring under a magnetic field leads to
an anticrossing (repulsion) behavior between the magne-
toexcitonic states.
In this paper we present a magneto-optical study of
narrow QW structures with well thicknesses d=30 and
45 A. In these structures only one electronic and one
light-hole subband are confined. In comparison with the
case of wider QW's, the observed magnetoexcitonic fan
chart is much simpler. As we will show, it can be de-
scribed quite satisfactorily in terms of the magnetic levels
of a two-dimensional hydrogen atom, using appropriate
reduced masses and exciton binding energies. The only
feature that is beyond this approximation is a very strong
repulsion (anticrossing behavior) between the 3d state
of the heavy-hole exciton and the 1s light-hole exciton.
This interaction has been observed before only when an
electric field was used to tune the heavy-hole exciton ex-
cited states closer to the ground state of the light-hole ex-
citon. ' However, it was not accessible previously in
fiat-band conditions, since for wide QW's, already at zero
magnetic field, the excited states of the heavy-hole exci-
ton are at higher energy than the light-hole ground state,
and therefore those states will separate from each other
in the presence of the field. Conversely, in the case of
narrow QW's the energy separation between the heavy-
hole and light-hole ground states is smaller than the exci-
ton binding energy. The observed repulsion between
heavy-hole 3d excitonic state and the 1s light-hole state
is surprisingly large ( & 10 meV) and a possible interpreta-
tion of this effect is proposed.
The samples studied are undoped, triple CxaAs QW's of
thicknesses d=45 and 30 A, sandwiched between 1000-
A-thick Ga, Al As barriers with x=0.43. Magneto-
optical spectra were measured using dye lasers, with
LD700 or DCM as dyes, pumped by Kr+- or Ar+-ion
lasers, respectively. The experiments were performed in
Faraday configuration, with o. and o. helicities of the
43 14 707 1991 The American Physical Society
14 708 BRIEF REPORTS 43
exciting light, at pumped helium temperature ( T= 1.8 K)
and in magnetic fields up to 19 T produced by Bitter
coils. The emission light was detected with a double
spectrometer using a Peltier-cooled GaAs photomulti-
plier.
Representative photoluminescence-excitation (PLE)
spectra obtained for the sample with 45-A-thick QW's
are shown in Fig. 1, (a) for the extreme values of the field,
(b) in the low-field regime, and (c) in the intermediate-
field regime. In the PLE measurements the intensity was
detected at the low-energy tail of the luminescence,
which lies slightly below the lowest transition observed in
the PLE spectra. These spectra are expected to reAect
the absorption ones. As can be seen in Fig. 1(a), the
zero-field pseudoabsorption spectrum shows only two
well-pronounced transitions, which are associated with
the heavy-hole and light-hole excitonic ground states.
There is also a weak feature in the high-energy range
(fin(=1.81 eV), which is related to the weakly forbidden
E, -H3 transition (E, and H& are the first conduction and
the third heavy-hole subbands, respectively). The energy
position of this structure is in good agreement with a sim-
ple level-structure calculation performed within the
Kronig-Penney model, which also shows that in this QW
(as well as in the case of the 30-A-thick QW) only one
conduction band and one light-hole subband are
confined. In contrast with the zero-field case, at high
magnetic fields the PLE spectra reveal many absorption
peaks, which are quite regularly spaced in energy [see
Fig. 1(a)]. All the peaks, with the exception of the second
one, correspond to the 1s,2s, 3s, . .., heavy-hole excitonic
states.
A clear step observed at 8=0 T between the ground-
state heavy-hole and light-hole excitons is related to the
continuum of the heavy-hole states, i.e., to the 2s exciton
state overlapping with higher excited states. At relatively
low magnetic fields, this structure evolves in the excitonic
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0FIG. 1. Photoluminescence excitation spectra of a 45-A-
thick GaAs/Cxap 57Alp43As QW. (a) Spectra at the lowest and
highest values of the applied field; the high-energy region of the
zero-field spectrum is enlarged by a factor of 4. (b) Low-field re-
gime showing the appearance of excited states. (c)
Intermediate-field regime demonstrating the interaction be-
tween the h &(3d ) state and the ground-state light-hole exciton
[I,{ls) ]. The lines are an aid to the eye.
excited states and the 2s and 3s heavy-hole states become
clearly resolvable, due to the enhancement of their oscil-
lator strength by the magnetic field [see Fig. 1(b)]. The
second transition, the ground state of the light-hole exci-
ton, l &( ls), shows a conspicuous behavior as a function of
magnetic field. This occurs at intermediate fields, as de-
picted in Fig. 1(c), and it will be discussed later.
The fan charts of the absorption peaks obtained with
o. polarization of the exciting light for the 30-A- and
45-A-thick QW's are shown in Figs. 2(a) and 2(b), respec-
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FICx. 2. Magnetic-field dependence of the excitons excited with o polarization, for {a) a 30-A-thick QW, and {b) a 45-A-thick
QW. The open circles depict heavy-hole excitonic states of 1, symmetry, the full points I 6 states [light-hole and h, {3d ) j. The
open squares represent the h»(1s) exciton. The solids lines in (a) and (b) are the results of a fit using a two-dimensional excitonic
model. (c) Results of a full theory of excitonic mixing for the 45-A QW. The solid (dashed) lines show states of 1 7 {I 6) symmetry.
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magnetoexcitonic states observed for narrow QW's show
rather regular fan charts. The s-type heavy-hole transi-
tions are an illustrative example of two-dimensional hy-
drogeniclike states. The ground state shows the typical
behavior in a magnetic field, with very small diamagnetic
shift. For higher excited states, the field range of the
quadratic dependence becomes shorter and an almost
linear dependence is observed at higher fields (small devi-
ations at high fields are due to nonparabolicity of the
bands). The slopes increase roughly as n —1(n) 1),
where n represents the principal quantum number of the
exciton. The lines drawn through the h, (ls) to the
h, (4s) states correspond to the best fit of the experiments
to a two-dimensional "hydrogeniclike" exciton, following
the model of Ref. 11. From the simultaneous fit of the
ground and excited states, we extract the binding energy
of the ground state Eb, and the reduced effective mass
m„, of the heavy-hole exciton. These values are Eb =13.5
meV, m„=0.686 and Eh =13.5 meV, m„=0.660 for the0 030-A and 45-A-thick samples, respectively.
The light-hole ground state shows a striking field
dependence. This effect can be investigated better for the
45-A-thick well (because of the narrower absorption
lines), although both samples show quantitatively the
same behavior. In the case of the 45-A-thick well, at
B=9.5 T, the transition hi(3d ) appears below the 2s
heavy-hole resonance [see Fig. 1(c)]. Simultaneously, the
1s light-hole state is pushed up in energy and loses oscil-
lator strength. This characteristic feature indicates the
interaction between states of the same symmetry. In the
particular case considered here, the interaction between
the 3d heavy-hole excited state hi(3d ) and the ls
light-hole ground state l, ( ls) is observed. The h, (3d )
state has rather pure heavy-hole character at low magnet-
ic fields and, in accordance to the selection rules, is not
observed in absorption. With increasing magnetic field
the energy separation between hi(3d ) and li(ls) de-
creases and they become of a mixed character. The state
being initially hi(3d ) borrows oscillator strength from
li(ls) and starts to be visible in absorption. This mixing
leads to a repulsive interaction between these states, as
can be seen clearly in Fig. 2(b) (full points). Unfortunate-
ly the higher component of this mixed exciton cannot be
followed beyond 12 T, since it overlaps with h, (2s) (these
two states have I 6 and I 7 symmetries, ' ' respectively,
and do not interact). However, from an analysis of the
oscillator strength and a comparison with the spectra
recorded with o + polarization, where the h i (3d+ ) is not
observed, we can deduce that the interaction, although
weaker, is still present at 19 T. At higher magnetic fields,
the lowest component should recover its initially predom-
inant light-hole character.
An effective-mass calculation of the excitons, which
takes into account valence-band mixing and the effects of
the magnetic field, ' is presented in Fig. 2(c) for the 45-
A-thick QW. The solid lines correspond to the s states of
the heavy-hole exciton (I 7 symmetry), while the dashed
lines depict the magnetic-field dependence of the l, (ls)
and h, (3d ) excitons (I 6 symmetry). A strong interac-
tion between these states is also obtained in the calcula-
tions, in very good agreement with the experiments. The
weaker dependence of h, (3s) and h, (4s) as compared
with the experimental results is due to basis-set limita-
tions for this narrow QW. The strength of the interac-
tion, seen in the magnitude of the gap between the two
excitons and in the fact that they are still interacting even
when their energy separation is as large as =25 meV (19
T), is rather striking. By comparison with the previous
observation of this interaction, ' where the strength of
the applied magnetic field was only 0.5 T and the gap of
the interaction = 1.5 meV, we speculate that the origin of
the enhancement lies in the larger field strength needed in
the present experiment, which in this case produces a
shrinkage of the excitonic wave functions and therefore
an increase in their overlap.
It has been shown' ' that in the limit of high magnet-
ic fields, the magneto-optical spectra of GaAs QW's can
be explained well by calculations of interband transitions
which are a posteriori corrected for excitonic effects
(shifted down by appropriate energies). In the case of
narrow quantum wells, this limit corresponds to very
high magnetic fields (above 20 T). We believe that the
anticrossing behavior between the h i (3d ) and the I i ( ls)
states is an illustrative example of mixing involved by
Coulomb interaction and not only by hybridization of
valence-band Landau levels. This anticrossing is ob-
served only when the real (i.e., experimentally observed)
excitonic states tend to intersect, i.e., for narrow QW's.
Conversely, there is no peculiar behavior observed in the
field dependence of the li(ls) state in the case of wide
QW's, for which this state is, already at zero field, below
the heavy-hole excited states. If one would interpret the
Landau fans in terms of interband transitions, similar
effects would be expected for samples with different well
widths since, within this interpretation, the mixing origi-
nates only from the hybridization of valence-band levels
independently of the Coulomb interaction.
In summary, we have shown that the magneto-optical
spectra of thin QW's constitute a clear and valuable ex-
ample of quasi-two-dimensional "hydrogeniclike" exci-
tons, where most of the complications present in wider
wells, due to the complexity of the valence-band struc-
ture, can be avoided. A giant interaction between excited
states of the heavy-hole exciton and the ground state of
the light-hole exciton is demonstrated, and its strength
correlated with the magnetic-field strength. The results
are also in good agreement with calculations of magne-
toexcitons mixing.
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